. Microarray-based discovery of highly expressed olfactory mucosal genes: potential roles in the various functions of the olfactory system.
cDNA microarray; gene expression profiles; gene discovery; bioinformatics; neurodevelopment; Plunc; sphingosine phosphate lyase; paraoxonase THE OLFACTORY MUCOSA (OM) is positioned at the junction of the respiratory tract and nervous system and performs functions integral to both organ systems. Olfactory sensory neurons are responsible for odorant transduction. In addition, inhaled air can be detoxified of toxic agents by mucociliary mechanisms and metabolic enzymes in the nasal respiratory and olfactory tissues. The OM is unique with respect to the rest of the nervous system, as it has a basal cell population that provides a continuous supply of new olfactory neurons. Thus neurons lost to injury or toxic insult can be replaced (13, 14, 27, 33) . At the present time, we lack an understanding of the overall genomic expression patterns that allow for this to be accomplished.
We have used the power of microarray-based genomics to examine gene expression in the mouse OM relative to that of many other tissues. For example, other studies utilizing the University of Cincinnati-Children's Hospital Medical Center (UC-CHMCC) Mouse Tissue Specific Gene Expression Database described gene expression in liver development and regeneration (42) and in various anatomical segments of the gastrointestinal tract (6) . In the present study we are specifically interested in understanding gene expression patterns that distinguish the OM, with its capacity to support continuous neurogenesis, from more quiescent regions of the brain, as well as from adjacent tissue in the nasal cavity, namely, the nasal respiratory mucosa. We hypothesized that the molecular definition of these different, but closely related, tissues could be performed by comparing the expression and function of large numbers of genes in OM, nasal respiratory mucosa, and brain. This approach revealed a group of genes with expression highly restricted to the OM. Other clusters of genes were highly expressed in OM and other tissues, including in 1) OM and olfactory bulb; 2) OM and lung; 3) OM and liver; 4) OM and respiratory mucosa; and 5) an OM and skin gene clusters. We also demonstrated the utility of this approach for gene discovery with the detection of novel genes likely to be relevant in the life cycle of olfactory neurons.
Cincinnati, OH), following the manufacturer's protocol. Total RNA was reprecipitated with ethanol/sodium acetate and resuspended in DEPC-treated water. Polyadenylated [poly (A) ϩ ] RNA was prepared from total RNA using Oligotex (Qiagen, Valencia, CA). Poly(A) ϩ RNA was quantitated using RiboGreen dye (Molecular Probes, Eugene, OR) and checked for RNase degradation using an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA). A total of 600 ng of poly (A) ϩ RNA (50 ng/l) for each tissue was submitted for cDNA labeling and microarray hybridization.
Fluorescent probe preparation and microarray hybridization. Probe preparation and microarray hybridization were performed by Incyte Genomics (Palo Alto, CA) using the GEMBright random primer reverse-transcription labeling kit (Incyte Genomics). Labeled cDNA was prepared from each poly(A) ϩ RNA sample using nucleotides labeled with the fluorescent dye Cy5. Labeled cDNAs were then subjected to competitive hybridization to mouse GEM1 microarrays, composed of spotted cDNAs corresponding to 8,638 sequenceverified IMAGE expressed sequence tag (EST) clones (500-5,000 nucleotides in length) with a low redundancy rate with respect to their corresponding gene products (a complete list of the genes represented on the GEM1 microarray can be found at http://microarray.uc.edu/ DataBases/Incyte_Mouse_GEM1.xls). For all samples in the database, hybridizations were performed in competition with Cy3-labeled mRNA from whole postnatal day 1 (P1) mouse. This reference sample was chosen based on independent tests of its ability to generate reproducible competitive hybridizations from three different P1 mouse isolates (data not shown). For each mRNA sample, duplicate arrays were hybridized. Additional dye-flip control experiments indicated a low dye effect, particularly compared with other Cy3/Cy5 labeling methods (data not shown). Dye effect was, however, subtracted from relative samplespecific gene expression based on per gene median normalization across a large number of samples (see below). Fluorescence intensity analyses and background subtraction were performed using an Axon Instruments scanner and GenePix software.
Data analyses. Primary quantitative data, spot geometry, and background fluorescence were examined using Incyte GEMTools software. Defective cDNA spots (irregular geometry, scratched, or less than 40% area compared with average) were eliminated from the data set. All data sets were normalized first using a balancing coefficient of the median of all Cy5 channel measurements divided by the median of all Cy3 channel measurements. Each microarray contained 192 control genes present as either nonmammalian single gene "spikes" or complex targets consisting of pools of genes expressed in most cell types, and each experimental mRNA sample was augmented with incremental amounts of nonmammalian gene RNA (2-fold, 4-fold, 16-fold, etc.) to permit assessment of the dynamic range attained within each microarray. Less than twofold variation was observed across the microarray series with respect to the 192 control genes (data not shown), providing additional support for the feasibility of interarray comparisons to detect genes regulated in a tissue-specific manner. Second-stage data analyses were carried out using GeneSpring software (Silicon Genetics, Redwood City, CA). A total of 269 cDNAs corresponding to genes highly expressed in the adult mouse OM were identified based on expression that was Ն1.7-fold their median expression in all other tissues in the database. We found that this cutoff was capable of identifying many known important genes and was more efficient than ANOVA-based approaches (59), principally because of the number of genes expressed in OM that are also expressed, albeit relatively selectively, in other compartments such as liver and central nervous system.
The relative expression patterning of the 269 OM-overexpressed cDNAs was determined using the hierarchical tree clustering algorithm as implemented in the GeneSpring program using Pearson correlation applied to the log ratio of gene expression values. Relative gene expression ratio values were obtained using a three-step normalization strategy consisting of a per-spot normalization in which sample channel was divided by the whole mouse reference channel followed by a LOWESS ("locally weighted scatter plot smoothing") intensity-dependent normalization, and then per gene across the series of probe arrays using the median expression ratio observed for the gene across the entire University of Cincinnati-Children's Hospital Medical Center (UC-CHMCC) Mouse Tissue Specific Gene Expression Database.
The measured intensity of each gene was divided by its control channel value in each sample. When the control channel value was below 10.0, the data point was considered invalid. Intensity-dependent normalization was also applied, where the ratio was reduced to the residual of the LOWESS fit of the intensity vs. ratio curve as implemented in GeneSpring 4.2.1. The 50th percentile of all measurements was used as a positive control for each sample; each measurement for each gene was divided by this synthetic positive control, assuming that this was at least 0.01. Each gene was normalized to itself by making a synthetic positive control for that gene and dividing all measurements for that gene by this positive control, assuming it was at least 0.01. This synthetic control was the median of the gene's expression values over all the samples.
Hierarchical tree clustering allowed grouping of genes based on relative expression across the sample series; we used this approach to partition genes highly expressed in the OM into those that were also highly expressed in other tissues. For example, this allowed for clear identification of 105 of the 269 genes with strong expression in both OM and nervous system regions. A similar result could be obtained by using a Venn diagram function within GeneSpring to obtain the conjunction (Venn intersection) of the 269 OM genes and those identified by Student's t-test ANOVA as being nervous systemexpressed vs. non-nervous system-expressed.
Sequence analysis, identification, and functional classification of "olfactorome" genes. The genes represented among the 269 olfactorome gene cDNAs were identified and categorized using a variety of resources. The Incyte GEM1 microarray contains a set of sequenced cDNA clones that have been mapped to representative UniGene sequences (http://www.ncbi.nlm.nih.gov/UniGene/Mm.Home.html) and BLASTN searches (http://www.ncbi.nlm.nih.gov/BLAST/) vs. the nonredundant nucleotide database over a period from July to November, 2002. This procedure allowed 1) matching of the ESTs to full-length gene products (principally using UniGene), 2) their assignment to corresponding representative mRNA from RefSeq (http:// www.ncbi.nlm.nih.gov/RefSeq), and then 3) classification of the encoded protein function using SwissProt (http://us.expasy.org/sprot/), Gene Ontology (http://www.geneontology.org), BLINK (http://www. ncbi.nlm.nih.gov/sutils/static/blinkhelp.html), HomoloGene (http:// www.ncbi.nlm.nih.gov/HomoloGene), and additional Medline-based literature analyses (http://www.ncbi.nlm.nih.gov/PubMed). For unannotated EST sequences, additional BLASTN and BLAT (http:// genome.ucsc.edu) searches were performed to identify genomic region hits, and potential gene hits were based on the use of University of California, Santa Cruz (UCSC) Genome Browser (http://genome. ucsc.edu) and ENSEMBL (http://www.ensembl.org/) resources (December, 2002) .
Gene annotations (functional classification and groupings) were based on high scoring homologies of the corresponding encoded proteins to known proteins using biochemical function and molecular process concepts represented in SwissProt and Gene Ontology into the following categories: cytoskeletal, metabolic enzymes, xenobiotic metabolizing enzymes, intracellular protein trafficking, apoptosis related, cell cycle control related, immune system/inflammatory response related, signal transduction, extracellular matrix/cell adhesion, proteinase inhibitors, DNA/RNA binding/transcription factors, calcium homeostasis, membrane proteins, and others (Table 1) . From the 269 gene cDNAs that we designated as top members of the "olfactorome," we identified 41 cDNAs/ESTs that lacked useful genomic annotations or designation as a gene. We subcategorized these 41 cDNAs/ESTs into 6 major groups, principally based on their expression pattern: highly expressed in 1) OM alone; 2) olfactory bulb and OM; 3) OM and respiratory mucosa; 4) whole brain and olfactory bulb and OM; 5) whole brain and olfactory bulb; and 6) a mixed patterns. Each of these cDNAs/ESTs was then subjected to a BLAT search against the UCSC Genome Browser (on Mouse Feb. 2003 Freeze) and BLASTN searches against Celera (http://www.celera. com/) and ENSEMBL databases for full-length known and putative mouse mRNAs.
Identification of cis-elements in coordinately expressed genes. To identify putative cis-acting regulatory regions and elements in genes coordinately expressed in the olfactory system, we selected three genes from each of the first three expression subcategories above and subjected each gene to mouse-human ortholog pair analysis for conserved cis-regulatory elements (40) . To do this, the complete genomic sequences of the selected mouse genes and the corresponding human orthologs were extracted from the Celera/ENSEMBL/ UCSC mouse and human databases, respectively. Advanced PipMaker (http://bio.cse.psu.edu) was used to compute alignments of similar regions in the mouse-human orthologous DNA sequences using the chaining option (67) . The TRANSFAC database, a database of eukaryotic transcription factors and DNA-binding site profiles (http://transfac.gbf.de) (88) , was utilized in the program MatInspector (Professional ver. 4.3, 2000; http://www.genomatix.de/) to locate putative transcription factor binding sites in each of these genomic sequences. We then compared genomic regions within and across the three groups to identify transcription factor binding sites in common.
In situ hybridization analysis of highly expressed OM genes. In situ hybridization was performed for localization of selected highly expressed genes using 35 S-labeled probes which were generated from the Incyte clones (Incyte Pharmaceuticals; St. Louis, MO) available from the University of Cincinnati Microarray Core (http://microarray. uc.edu). The probes were as follows: W08172 for sphingosine phosphate lyase (Sgpl1); AA028678 for Plunc; W17967 for Pon1; AA220582 for cytochrome P-450 2f2 (Cyp2f2); AA498773 for crp ductin (Dmbt1); AA474964 for lactotransferrin (Ltf); and W11846, which was originally an EST, but which has been associated with the recently characterized Alms1 locus (16, 17) . We sequenced each clone from the T3 and T7 primer sites and found two chimeric clones: W08172 contained an unidentified sequence at the T3 (antisense) end, and AA220582 had high identity with CYP2f2 from the T3 (antisense) end and with Dmbt1 from the T7 (sense) end. To generate a vector containing only the Sgpl1 sequence for use as a probe, a restriction map of the Sgpl1 sequence was generated (based on Ref. 65) , and based on known restriction sites, the NotI linearized plasmid was cut with BbsI, blunt-end subcloned, and validated for contaminating fragment removal using EcoRI/BamHI and HindIII/DraI. This modified clone was used as a template for 35 S-labeled sense and antisense probe synthesis.
Sphingosine phosphate lyase activity measurements. Sphingosine phosphate lyase (Sgpl1) activity was measured in tissues isolated from male Long-Evans rats because of the relative abundance of several tissues, including OM, in rat vs. mouse, and for ease of comparison with previously published results (79) . Tissues were homogenized in 0.25 M sucrose, 5 mM MOPS-NaOH buffer, pH 7.2, 1 mM DTT, 1 mM EDTA, either with a Dounce homogenizer or, for more refractive tissues, a Polytron PT7 device (Kinematica Benelux). Sgpl1 activity was measured as described before using [4,5- 3 H]sphinganine-1-phosphate (80) .
Sgpl1 antiserum preparation. Antiserum against (human) Sgpl1 was obtained as follows. A His-tagged human Sgpl1 (amino acids 59-568) fusion protein, expressed in DH5␣ Escherichia coli cells transformed with plasmid pVB001 (81) and induced with 0.2% (wt/vol) D-arabinose, was purified by means of Ni-NTA agarose (Qiagen), followed by SDS-PAGE and blotting to nitrocellulose. Portions of the blot containing ϳ100 g poly-His-fusion protein were dissolved in DMSO (1), mixed with an equal volume of Freund's complete adjuvant and injected subcutaneously in a New Zealand White rabbit after procurement of an aliquot of preimmune serum. Booster injections were given every 4 wk with 50 g of protein mixed with incomplete adjuvant. Ten days after the third booster, the animal was bled. The final preparation recognized a single band of 65 kDa in blots prepared from human, rat, and mouse liver (P. P. Van Veldhoven, unpublished data).
Immunohistochemistry. Sections (5 m in thickness) were cut from archived paraffin-embedded nasal cavity sections from untreated male Long-Evans rats and male C57BL/6J mice. Tissues had been prepared for embedding by fixation in 10% neutral buffered formalin and decalcified in either 10% formic acid or 0.3 M EDTA (pH 7.4). Anti-Cyp2f2 antiserum (previously described, see Ref. 63 ) was provided by Dr. Gerold Yost (University of Utah). Immunohistochemistry was performed with 1:100 dilution of preimmune serum or 1:100 dilution of Sgpl1 antiserum or 1:2,500 dilution of anti-Cyp2f2 antiserum. Immunoreactivity was detected using anti-rabbit HRP-conjugated secondary antibody (Dako, Carpenteria, CA) and aminoethylcarbazole as chromogen as previously described (29) .
Data archive. Gene identities, expression data, cluster groups, and the functional categories of the dynamically regulated genes are available on our microarray database web server [http://genet.cchmc. org; log in (as guest or with username: olfepi; password: olfepi), select "IncyteMouseGEM1 (127_CloneID)," then select the "Olfactorome" subdirectory from the "Gene Lists" folder; select the list of genes of interest, and click on the paperclip icon to the right of the list].
RESULTS

Identification of genes highly expressed in adult OM.
To define genes important for neurogenesis and OM homeostasis, we identified arrayed cDNAs that hybridized to adult mouse OM cDNA at a level at least 1.7-fold higher than their median expression in all other tissues. We found 269 cDNAs and ESTs in OM with increased expression in replicate hybridizations compared with reference. Of the known genes, the highest expression in OM was noted for Plunc (86) . Spgl1, Pon1, Cyp2f2, and Ltf were among other highly expressed OM genes. We subjected the log2-transformed ratios of the overexpressed genes to hierarchical tree cluster analysis and clustered the genes into those that were highly expressed only in OM vs. those also highly expressed in other tissues (Fig. 1) .
The 269 highly expressed OM genes showed both temporally and spatially restricted expression in other regions of the central nervous system. Seventy-seven genes were highly expressed in OM and in at least one brain region. Some of these genes exhibited very different behavior from one brain region to another. For example, lumican (Lum) and procollagen, type I, ␣1 (Colla1) were highly expressed only in OM, postnatal day 2 brain and dorsal root ganglion, and significantly underexpressed in many other brain regions represented in the analysis. Genes that were highly expressed in both olfactory bulb and OM encoded many cytoskeletal proteins and proteins associated with vesicular trafficking [e.g., RAB3B (Rab3b); vesicleassociated membrane protein 2 (Vamp2); pantophysin (Pphn); and amyloid-␤ (A4) precursor protein binding (Aplp2) (35, 47, 53, 75) ], axonal guidance [e.g., plexin A3 (Plxna3) and dihydropyrimidinase-like 3 (Dpysl3); NM_009468; orthologous to unc-33, which is associated with axonal guidance in Caenorhabditis elegans (12, 52, 68) ], and signal transduction [e.g., the neuronal early immediate gene homer (Homer2-pending) Fig. 1 . Hierarchical tree clustering of the 269 highly expressed olfactorome genes and expressed sequence tags (ESTs). Intensity in the red and blue color range indicates upregulated and downregulated RNAs, respectively. Each row represents a gene. Each column represents an individual tissue. Each tissue sample RNA was hybridized in duplicate with the mean value shown. The position of the olfactory marker protein gene (Omp), a marker of mature olfactory neurons, is indicated. Note that there is a large cluster of olfactory mucosal (OM) genes that are also highly expressed in the brain (larger box). Brain regions included in this cluster are embryonic day 18 brain, postnatal day 2 brain, and the following regions of the adult mouse brain: hippocampus, hypothalamus, nucleus accumbens, olfactory bulb, striatum, cerebellum, spinal cord, and dorsal root ganglion. Genes included in this cluster include synuclein-␣ (Snca; NM_009221); calcium channel ␤3-subunit (Cacnb3; NM_007581); leucine-rich repeat protein 1, neuronal (Lrrn1; NM_008516); Tau4 (NM_010838); and adducin 2␤ (Add2; NM_013458). There are also separate clusters of genes with high coexpression in OM and liver [smaller box; e.g., paraoxonase 1 (Pon1; NM_011134, shown); aldehyde dehydrogenase 1 (Adh1; NM_007407); and glycine N-methyltransferase (Gnmt; NM_010321)]; gastrointestinal tract, skin, and lung (e.g., cytochrome P-450 2f2; Cyp2f2; NM_007817, shown). Both genes and samples are clustered using Pearson correlation as implemented in GeneSpring 6. and calcium channel ␤3-subunit (Cacnb3)]. Fifteen genes and ESTs were highly expressed in both OM and in E18.5 mouse brain. Of the known genes highly coexpressed in OM and in developing brain, eight are clearly implicated in nervous system function, neuronal development, and/or epithelial differentiation. These are tau (Mapt), stathmin (Stmn4; 50, 51, 57, 60), fatty acid binding protein 7 (Fabp7; 23), Meg3 (66), pleiotrophin (Ptn; 74), Mad4 (39), Dpysl3, and Plxa3.
Sgpl1 activity measurements. Several tissues in the mouse gene expression database displayed relatively high Sgpl1 gene expression, including OM, thymus, jejunum, ileum, and skin (Table 2 ). In a screening of the main organs of the rat, highest activities were previously detected in intestinal mucosa, Harderian gland, and liver (79) . Measurement of the specific activity of Sgpl1 in rat OM in the present study confirmed that it was indeed high compared with other rat tissues ( Table 2) .
In situ hybridization and immunohistochemistry studies. We performed in situ hybridization to independently confirm results of the gene expression analysis and to localize several previously undescribed OM genes, Sgpl1; W11846, originally an EST that has recently been associated with the Alms1 locus (16, 17) ; Dmbt1, Cyp2f2, and Pon1. The expression of Pon1 and Cyp2f2 was highly localized to the OM airway surface and in acinar cells and ducts of Bowman's glands (Fig. 2) . This distribution was further confirmed by immunohistochemistry for Cyp2f2. This is a classic distribution for many xenobiotic metabolizing enzymes in OM (10) . In contrast, Sgpl1 and Alms1 were distributed in the olfactory epithelium (i.e., above the epithelial basement membrane) but not in the subepithelial compartment (Fig. 2) . Immunohistochemistry suggested Sgpl1 protein localization to the perinuclear region of mature olfactory neurons (Fig. 2) ; colocalization studies with olfactory marker protein (OMP) to confirm localization to mature neurons were deemed unnecessary based on the localization of the histochemical reaction products in tissue sections. Dmbt1 expression was localized in the lateral nasal gland (Fig. 2) . Plunc expression was included as a positive control for the in situ methodology, as its high and punctate expression has been previously described in both developing and adult OM (86) (Fig. 2) .
Functional classification of genes highly expressed in the adult mouse olfactory system. We classified each of the highly expressed genes based on biochemical function of the encoded protein (Table 1) . Overall, the function of ϳ60% of the genes/ESTs could be identified based on public databases. The largest fraction of identified genes is related to metabolism, with the encoded proteins participating in metabolism of both endogenous and exogenous substrates (although we separated metabolic enzymes and xenobiotic metabolizing enzymes into separate categories, we realize that these distinctions are not Normalized expression is derived from the raw expression of a gene of interest (Sgpl1 in this case) compared with the average expression of all genes in the UC-CHMCC gene expression database. P values refer to the difference in expression between the respective tissues and the reference control (P Ͻ 0.05 was considered significant). Sgpl1 activity measurements (means Ϯ SD; n ϭ 2) were performed on the respective tissues from male Long-Evans rats. Genes highly expressed in olfactory mucosa (OM): Tpd52, tumor protein D52; 1700017B05Rik, XM_134943; 4921524P20Rik, XM_143313, WD40 repeats domain containing gene. Genes highly expressed in OM and respiratory mucosa: 1110017O10Rik, XM_130346, domain found in Dishevelled, Egl-10, and Pleckstrin; Sec14l2, NM_144520, SEC14-like 2 (S. cerevisiae); BF232834, aldolase 1 epimerase like. Genes with high expression in OM and brain: Nup88 (Prei2), nucleoporin 88-kDa (preimplantation protein 2); Gpm6a, glycoprotein m6a; Rsec15l1, BF581861. Abbreviations for the modules follow here. CLOX, CLOX and CLOX homology (CDP) factors; OCT1, octamer factor 1; BRNF, Brn POU domain factors; FKHD, fork head domain factor; CRBP (CREB), cAMP-responsive element binding proteins; SORY, sox/sry-sex/testis determining and related HMG Box factors; MEIS, homeodomain factor aberrantly expressed in myeloid leukemia; ETSF, human and murine ETS1 factors; GATA, GATA-binding factor; GFI1, growth factor independence-transcriptional repressor; SMAD, vertebrate SMAD family of transcription factors; MEF2, myocyte-specific enhancer-binding factor; NKXH, NKX/DLX homeodomain sites; HNF1, hepatic nuclear factor; SRFF, serum response element binding factor; LEFF, TCF/LEF-1, involved in the Wnt signal transduction pathway; absolute, i.e., a given enzyme might well metabolize endogenous and exogenous substrates). The predicted protein products of these genes bear homology to members of protein families that participate in DNA-dependent regulation of transcription, cell differentiation, positive regulation of cell proliferation, carbohydrate transport, cell adhesion, metabolism, or signal transduction.
Gene discovery in the olfactory system. The use of EST and cDNA microarrays corresponding to unknown genes provides the opportunity for gene discovery relevant to the multiple cellular components of OM. As shown in Fig. 3 , a total of 137 cDNAs and ESTs out of the 269 could be associated with a well-annotated mouse gene (having a gene symbol and an mRNA). Of these 137 genes, 103 had a corresponding NCBI RefSeq protein entry for which an ortholog could be identified. Of the 34 mouse genes that did not show a human entry in the initial search, 27 of them could be mapped to the human genome to a likely human ortholog. However, there were 7 mouse genes for which no human ortholog could be found after BLASTN and BLAT searches against human genome. Of the remaining 120 cDNA/ESTs, of 269 that were poorly annotated, 47 could be assigned to a gene with a valid symbol and an mRNA entry in the RefSeq database of GenBank (largely representing Riken long clones). To find the human orthologs for these 47 mRNAs, BLAT and BLASTN searches were performed against the human genome using corresponding full-length Riken clone sequence or mouse genomic sequence. Taken together, of the total 269 olfactorome cDNA/ESTs, Fig. 2 . Localization of novel genes and ESTs in the OM using in situ hybridization and immunohistochemistry. A: cytochrome P-450 2f2 (Cyp2f2) is shown by in situ hybridization in this bright-field photomicrograph to localize in the Bowman's glands (black arrow) and along the epithelial surface (white arrow) of the dorsal septum and the turbinates lining the dorsal medial airways of the mouse. B: immunohistochemistry using an anti-Cyp2f2 antibody confirms localization in apical cytoplasm of sustentacular cells (white arrow) and duct and acinar cells of Bowman's glands (black arrow). C: in situ hybridization with antisense Sgpl1 reveals expression in the olfactory epithelial layer ‫,)ء(‬ but not in the subepithelial compartment ‫,)ءء(‬ suggesting that Sgpl1 is present in either olfactory sensory neurons or in sustentacular (supporting) cells. D: in situ hybridization with Sgpl1 sense probe does not result in hybridization in the olfactory epithelial layer ‫)ء(‬ or the subepithelial compartment ‫.)ءء(‬ E: immunohistochemistry with anti-Sgpl1 antibody reveals localization in the perinuclear layer of mature olfactory sensory neurons (example indicated with arrow). F: Alms1 antisense probe similarly localizes to the olfactory epithelial compartment ‫,)ء(‬ but not subepithelial structures (**). G: Dmbt1 localizes to the lateral nasal gland, but not in OM (white arrow). H: Plunc expression (arrow) was the highest of any gene in the OM compared with other genes in the mouse gene expression database. Its expression is punctate and extremely high in olfactory epithelium (often displaying high expression at the junctions of OM and respiratory mucosa), consistent with previous localization studies (86). there were 31 for which no human ortholog is available in the present databases.
To further investigate the 120 poorly annotated genes, we selected a representative group of 41 clones likely to represent real genes but could not be otherwise assigned using established annotations (summarized in Fig. 4 ; complete table is posted on the microarray database web server at http://genet. cchmc.org; for login details, see Data archive, in MATERIALS AND METHODS, above). Many of these could be credibly annotated using mouse-human homology and EST-to-genome mapping. For example, sequence BF232834 could first be mapped onto aldose-1-epimerase-like gene in mouse, and the novel human ortholog for this gene was then identified. Sequence BC006717 could be mapped to CPR8 (cell cycle progression 8 protein) in human, and we could then identify the novel mouse ortholog for this gene by human-mouse homology. A search for functional domains in the proteins encoded by these genes revealed that 23 of the 41 did not have any known functional protein domain. Of the 18 that mapped onto a known, functional domain, there were 3 (2 with high expression in OM) WD-repeat protein-encoding genes. Overall, based on public databases [LocusLink (http://www.ncbi.nlm.nih.gov/LocusLink/) and SwissProt], functional annotations (Gene Ontology Attributes) could be found for only 9 of 41 clones. Interestingly, many of the unknown ESTs represented on the Mouse GEM1 cDNA microarray appear to encode entirely novel proteins of potential importance for OM. In addition, there were nine mouse genes for which no human ortholog was found. A BLASTN and BLAT search of these nine mouse mRNAs against human genome also did not yield any significant hits. For instance, there was no human ortholog reported for Expi (extracellular proteinase inhibitor, with high expression in OM and respiratory mucosa). Likewise, the EST sequence AA060184 mapped onto the intergenic region of a putative gene (NM_025582) Fig. 3 . Flow chart for the annotation of 269 gene elements of the olfactorome. A total of 137 cDNA/ESTs out of the 269 could be associated with a well-annotated mouse gene, and of these 137 genes, for 103 the human ortholog could be identified. Of the 34 mouse genes which did not show a human entry in the initial search, 27 of them could be mapped to the human genome. However, there were 7 mouse genes for which no human ortholog was found even after a BLASTN and BLAT search against human genome. Of the remaining 120 cDNA/ESTs out of 269, and that were poorly annotated, there were 47 that had an approved gene symbol and an mRNA entry in the RefSeq database of GenBank. To find the human orthologs for these 47 mRNAs, a BLAT and BLASTN search was performed against the human genome. There were 46 human hits, and for one there was no human ortholog identified. The 73 cDNA/ESTs out of 120 with no approved gene symbol association were also subjected to a BLAT and BLASTN search against human genome. For 49, we could identify an associated human counterpart. However, 23 were unmatched. One (CA490663) was withdrawn from the GenBank database. Thus, of the total 269 olfactorome cDNA/ESTs, there were 31 for which no human ortholog is available in the present databases. The complete table for these annotations can be obtained at the http://genet.cchmc.org data archive ("269.xls") as an attachment to the gene list file titled "269_treeOrder". and Mell1 in mouse. However, the intergenic space in human is smaller, and no human ortholog was found.
Common cis-elements in coordinately expressed genes. Based on in situ hybridization analysis, several of the genes that are coordinately expressed across multiple mouse tissues appeared to be localized within the same OM cell types. We therefore sought to test the hypothesis that cell-type-specific gene expression within the OM could be due to shared cisacting regulatory elements. To do this, we selected three different gene group clusters reflecting expression in 1) OM only; 2) OM plus respiratory mucosa; and 3) whole brain, olfactory bulb, and OM. The complete genomic sequences of the selected mouse genes and their corresponding human orthologs were extracted from the Celera/ENSEMBL/UCSC mouse and human databases, respectively. We next identified clusters of regulatory elements conserved between each pair of mouse and human orthologs within their conserved noncoding region using the TraFaC server (http://trafac.chmcc.org; Ref. 40) . Using an extension of this system, we next identified cis-element modules consisting of compositionally similar ciselement clusters that occurred between three different coordinately regulated ortholog pairs.
Analysis of the upstream 3-kb region for the gene group showing high levels of expression in OM revealed cis-elements CLOX, OCT1, BRNF, FKHD, CREB, SORY, MEIS, and ETSF, occurring in clusters of four elements each with in a maximum span of 200 bp. Likewise, common cis-elements were found among each group of genes examined: OM-specific and respiratory mucosa-specific genes showed cis-elements GATA, FKHD, CREB, ETSF, GFI1, SMAD, and MEF2. Genes of the group OM and brain shared cis-elements CREB, NKXH, CLOX, MEF2, BRNF, HNF1, FKHD, LEFF, MYT1, SORY, and MEIS (Fig. 5) .
Since the potential regulatory switches that direct tissuespecific expression are not always limited to promoter region alone, but are also known to occur in the intronic, downstream, and upstream regions, we extended the query to identify compositionally similar cis-regulatory element clusters across these regions. The window size ranged from 200 to 300 bp. Two of the genes (Tpd52 and 1700017B05Rik) with high expression in OM shared cis-elements NOLF, ETSF, and HNF1, whereas the genes with high expression in both OM and respiratory mucosa shared cis-elements HNF4, NOLF, and MYT1. MYT1, a Xenopus C2HC-type zinc finger protein, has been associated with a regulatory function in neuronal differentiation (7). NOLF ("neuron-specific olfactory factor") has been previously reported in olfactory-neuron-specific genes (85) .
DISCUSSION
The results presented in this study have identified a relatively large number of genes strongly expressed in the OM, and we have classified them by function and by their relative expression patterning across a large number of other tissues. However, it should be noted that there are several limitations at the present stage of analyses. First, as for any microarray study, the findings are necessarily a reflection of the content of the array, as well as the precise samples that have been profiled.
The Incyte Mouse GEM1 array is relatively old and incomplete. For example, candidate odorant receptor genes, which are undoubtedly among the highly expressed OM genes and comprise ϳ1% of the mammalian genome (46) , are not present on the GEM1 microarray. This result illustrates the limitation of using less-than-whole genome representation on a particular microarray platform. A recent publication details changes in gene expression in the senescence-accelerated mouse, using Affymetrix U74Av2 GeneChip oligonucleotide arrays (30) . These investigators noted significant expression and agingrelated changes in a number of chemosensory receptor genes. However, many genes on the GEM1 microarray are not present on the Affymetrix U74Av2 array. Of more interest, many genes and gene groups that are differentially regulated in senescence-accelerated mice correspond well to the genes that we found to be highly expressed in the mucosa; e.g., a large number of immune system-related genes and metabolic enzyme genes. Thus the results of our study serve more as model of the power that can be obtained in the definition of tissuespecific genomic anatomy if a very large number of different biological samples of diverse differentiation could be carefully intercompared. In addition, our assay of mucosal gene expression is relatively coarse-grained because of the use of tissue samples with mixed cell types. Very interesting results could also be obtained from isolated individual cell types of the mucosa as a number of technical hurdles are progressively overcome.
Gene expression patterns in the OM strongly reflect its unique anatomy and physiology. The cellular anatomy of the OM includes basal cells, supporting (sustentacular) cells, both immature and mature olfactory neurons, plus subepithelial Bowman's glands and nerve bundles. Olfactory neurons interact directly with the external environment by means of their surface dendrites. Therefore, olfactory neurons are in contact with, and potentially susceptible to damage by, environmental agents. This provides a strong rationale for the high-level coexpression of a series of xenobiotic metabolizing enzyme genes in OM that are also strongly expressed in liver and/or lung. Since the OM continuously generates new olfactory neurons from neuronal progenitor cells, accounting for its regenerative capacity following traumatic or toxicant-induced damage, we hypothesized that a significant component of OM gene expression might overlap with genes that participate in neurodevelopment. Consistent with this hypothesis, we observed a significant overlap between the OM and the embryonic and early postnatal brains with respect to genes involved in neurogenesis, neuronal differentiation, and migration. Finally, the OM contains a family of odorant receptors, as well as the signal transduction machinery necessary to conduct odorant-related information to the rest of the nervous system.
A major goal of the present study was to identify genes involved in neurogenesis and neuronal development, using the OM as a model system, given that the OM supports sustained generation of mature neurons from neuronal progenitor cells. A number of genes that had not previously been localized to the OM were identified as a result of these efforts, although their roles, if any, in neurogenesis are still to be determined. Among these are Sep3 (NM_011889; Refs. 49 and 83), Mad4, and Pdgfec ("platelet-derived endothelial growth factor/thymidine phosphorylase/gliostatin"; NM_138302). Pdgfec had previ-ously been localized to the peripheral nervous system (20) , identified as a protein that has a potential role in development and regeneration of the central nervous system (4), and determined to be highly expressed in invasive colorectal tumors (44) ; therefore, this gene/protein may regulate the switch between proliferation and differentiation in the process of neurogenesis in the OM. Mad4 is highly induced in differentiated cells (39, 43) , so we would expect to find this protein localized to one or more nonproliferating cell populations in the OM. In contrast to a previous report, in which brain fatty acid binding protein 7 (Fabp7; NM_021272) was found to be absent from OM (but present in olfactory bulb; Ref. 45 ), we found expression in OM to be well above our cutoff criterion, with an expression level of approximately one-half that of olfactory bulb and one-tenth that of whole embryonic and postnatal day 2 brain. This protein has been characterized as a potential brain morphogen during development (45) .
The olfactory system requires a high degree of synaptic plasticity, as even in the absence of toxicant exposure mature neurons die and new olfactory neurons are continuously generated. As a result, synapses between olfactory sensory cell axons and mitral cells in the olfactory bulb are continuously lost and reformed. Consequently, there is the constant need for axonal guidance to direct the axons of newly generated neurons to the olfactory bulb. Cell adhesion molecules are important in this process, and we observed high expression of NCAM in OM, olfactory bulb, cerebellum, and postnatal day 2 brain. Dpysl3 (NM_009468), another highly expressed OM gene, is orthologous to the C. elegans axonal guidance phosphoprotein unc-33 (12) . Similarly, Plxna3, together with neuropilins, acts as a receptor for class 1 semiphorins; these aid in axonal guidance, likely through growth avoidance cues (12, 58, 71) .
Three different amyloid precursor protein (APP)-related transcripts were highly expressed in OM. While multiple functions for amyloid-related proteins have been proposed in nervous system homeostasis and pathology, of particular interest, APP is highly expressed in the developing brain, and specifically in the olfactory system (15, 38, 48, 78) . Aplp2 has previously been reported to be abundant in olfactory sensory axons and in postsynaptic connections in the olfactory bulb and is proposed to play a role in axonal pathfinding, axogenesis, and/or synaptogenesis (15, 76) . APP-like proteins were also highly expressed in the regenerating OM following administration of the reversible OM toxicant diethyldithiocarbamate (70) . However, amyloid ␤-peptide was found to inhibit neurogenesis in the subventricular zone of mice and in human cortical neuronal precursor cells in vitro (36) . Furthermore, OM and olfactory bulb contain high levels of ␤-amyloid and amyloid precursor proteins in patients with Alzheimer's disease, Parkinson's disease, and Down syndrome (18, 84) . Therefore, ␤-amyloid-related proteins are clearly pleiotropic, given their expression during brain development, in multiple regions of the adult brain, and in degenerative nervous system conditions.
Many of the highly expressed OM genes are associated with signal transduction. Examples of these genes include those related to Ca 2ϩ ion channels and Ca 2ϩ homeostasis; G-proteincoupled receptor-related genes; and homer, the neuronal early immediate gene associated with glutamate signaling (77) . Following interaction of odorants with cell surface receptors, two signal transduction pathways are activated. One class of odorants activate G-protein-mediated formation of adenosine 3Ј,5Ј-cyclic monophosphate (cAMP), causing opening of cAMPgated channels and influx of calcium. The increase in intracellular Ca 2ϩ , in turn, causes opening of Ca 2ϩ -activated chloride channels, further increasing membrane depolarization (41) . Other odorants stimulate G-protein-mediated formation of inositol-1,4,5-triphosphate (IP 3 ). An increase in intracellular IP 3 causes the opening of a Ca 2ϩ conductance and a nonspecific cation conductance and may also activate Ca 2ϩ -activated K ϩ channels (41) . The existence of an IP 3 -mediated pathway in mammals has been questioned, whereas it has been well accepted in nonmammalian species (e.g., Refs. 11, 22, 32). The rich representation of genes within these categories provides strong support for the role of their corresponding pathways in OM physiology.
The neurotransmitter(s) used by olfactory sensory neurons has also been a source of controversy over the years. Initially, the tripeptide carnosine was regarded as the primary neurotransmitter released following activation of odorant receptors (64) . It now appears to be more widely accepted that glutamate is the excitatory olfactory neurotransmitter (8, 24, 34) . LGlutamate acts at both ligand-gated (ionotropic) and G-proteincoupled (metabotropic) glutamate receptors (5). Homer2 encodes a protein that functions directly at the synapse, linking group 1 metabotropic glutamate receptors with IP 3 receptors (77) .
Among the genes most highly coexpressed in OM, nasal respiratory mucosa, and lung are those encoding proteins with epithelial defense and immune function, including multiple immunoglobulin-related genes, Ltf, and a cathelin-like protein (a member of a family of antimicrobial peptides; Ref. 25) . Ltf is an iron-binding multifunctional protein, produced primarily by neutrophils, and is believed to be important in defense against bacteria, fungi, and viruses (3). Plunc proteins have recently been found to be associated with respiratory tract irritation and may also function in mucosal defenses (9, 31) .
Genes encoding xenobiotic-metabolizing enzymes were highly expressed in OM, including multiple cytochromes P-450 (CYP), sulfotransferases, and paraoxonase 1. These observations corroborate previous reports documenting sulfotransferases in OM, with some specifically expressed in OM (72, 73) . Although the presence of Cyp2f2 in OM had been inferred based on enzymatic activity (69), we demonstrate herein that Cyp2f2 is localized by in situ hybridization and immunohistochemistry to sustentacular cells and Bowman's glands. Cyp2f2 has been demonstrated to bioactivate naphthalene in the lung; its presence in OM is not surprising, given that naphthalene induces lung and OM tumors in rodents (54, 55, 69) . Pon1, which detoxifies organophosphorous pesticides and nerve gases (2), was similarly highly expressed in the Bowman's glands, a distribution shared among many metabolic enzymes (10, 28) . The ␣/␤-hydrolase catalytic domain is found in a wide range of enzymes, including esterases and epoxide hydrolases (37) . The esterase 1 and 22 transcripts were highly expressed in OM in the present study, and both esterases and microsomal epoxide hydrolase have previously been localized to OM (10, 28) .
Our results strongly demonstrate the power of large-scale microarray profiling approaches for compartment-specific gene discovery. One gene exhibiting a particularly interesting expression profile encodes sphingosine phosphate lyase (Sgpl1). Sgpl1 expression was high in thymus, multiple regions of the gastrointestinal tract, skin, and OM. Direct Sgpl1 activity measurements confirmed the high expression in OM, relative to other tissues (Table 2) . Although the aforementioned tissues are sites of relatively high cell proliferation, Sgpl1 expression was not exclusively associated with proliferative states, as Sgpl1 expression was higher in unmanipulated mouse liver than in regenerating liver in our database (confirmed by unpublished enzymatic activity measurements from the laboratory of P. P. Van Veldhoven). The role of Sgpl1 in OM is currently unclear, but it may play a role in the kinetics of neuronal proliferation and apoptosis; a similar role for Sgpl1 has been proposed in skin (26) . A function of Sgpl1 is the degradation of sphingosine-1-phosphate (S-1-P), which is not only a sphingolipid catabolite, but also a potent second messenger with roles in proliferation and differentiation in various model systems (56, 62, 82) . In many cell types, S-1-P is associated with inhibition of apoptosis (21) ; the high Sgpl1 activity we have observed in OM may be important in modulating cell kinetics in OM, perhaps regulating apoptosis in the oldest population of olfactory neurons that are targeted for destruction. Our studies show that Fas apoptotic inhibitory molecule (Faim; NM_011810) and Sgpl1 share a common pattern of high expression in OM, suggesting that mitochondria-dependent Fas-induced apoptosis may be a major signaling pathway in olfactory neuronal homeostasis (19) .
The recent completion and large-scale annotation of the mouse genome has greatly improved our ability to characterize EST gene sequences. We originally selected an EST (W11846) for localization within OM because of its relatively high expression and because it appeared to segregate with Sgpl1 by hierarchical tree analysis. This gene has recently been associated with the Alms1 locus (2p13); mutations of this locus cause Alstrom syndrome, with a wide range of symptoms, including neurosensory degeneration (16, 17) . The sodium bicarbonate transporter NBC4 also maps to chromosome 2p13 in humans and is regarded as a new candidate gene for Alstrom syndrome (61) . The function of this protein in OM is currently unknown.
The importance of independent verification of genes that appear to be highly expressed in microarray experiments cannot be overemphasized. We chose to do so by in situ hybridization, enzymatic activity measurements, and immunohistochemistry. In our experiments, crp ductin (Dmbt1) appeared to be among the highest expressed genes in OM. However, in situ hybridization studies revealed negligible Dmbt1 expression in OM but very high expression in the nearby lateral nasal gland (Fig. 2) . Furthermore, the rat homolog of crp ductin, ebnerin, has recently been immunolocalized to nasal respiratory mucosa and alachlor-induced OM tumors but was not detected in control OM (29) . Therefore, we suspect that the speed required for isolation of tissue for preparation of high-quality RNA resulted in accidental collection of the lateral nasal gland from one or more of the mice. This tissue localization issue would not have been resolved by use of reverse transcription, followed by polymerase chain reaction, as the same RNA would have been used for the confirmatory studies. Although the function of crp ductin in the lateral nasal gland remains unknown, we do now know that we should eliminate this gene/protein from those candidates for serving a role in neurogenesis.
Finally, we have also sought to exploit the identification of OM-specific genes to aid in the identification of potential regulatory regions responsible for cell-and region-specific gene expression. Switches that direct tissue-specific expression are not always limited to promoter region alone, but are also known to occur in the intronic, downstream, and upstream regions also. Hence, we extended the query to identify compositionally similar cis-regulatory element clusters within each of their ortholog-pair evolutionarily conserved cis-regulatory regions. The window size ranged from 200 to 300 bp. Genes with high expression in OM shared cis-elements NOLF, ETSF, and HNF1, while the genes with high expression in both olfactory and respiratory mucosa shared cis-elements HNF4, NOLF, and MYT1. MYT1, a Xenopus C2HC-type zinc finger protein, has been associated with a regulatory function in neuronal differentiation (7) . NOLF ("neuron-specific olfactory factor") has been reported in olfactory-neuron-specific genes (85) . These results support the hypothesis that the approach of tissue-specific expression mining coupled to detailed genomic analyses will be very helpful in the identification of compartment-specific gene regulatory regions.
